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Diamond is a material with the potential to address these issues, due to its well-known durability and biocompatibility [21] [22] [23] [24] [25] . Single crystal diamond is a wide-gap semiconductor with an intrinsic photoresponse band at unsafe ultraviolet frequencies and hence is not useful for neural stimulation applications. In contrast, nitrogen-doped ultrananocrystalline diamond (N-UNCD) is highly conductive due to the presence of sp 2 bonded carbon at the diamond grain boundaries, and has been shown to exhibit a photoresponse at much longer wavelengths [26, 27] , making it a material well-suited for photostimulation [28] . In addition, the surface chemistry of N-UNCD may be altered to exhibit high electrochemical capacitance, a desirable attribute for neuromodulation electrodes [23, 29] .
The potential of N-UNCD for use as a photoelectrode material has been previously investigated, with the finding that it exhibits a photoresponse to wavelengths of 450 nm or shorter, meeting the requirements for extracellular and intercellular stimulation within the safe optical exposure limit [28] . In the present study, the feasibility of extending the wavelength range of the photoresponse is investigated. Longer wavelengths have greater optical penetration depth in biological tissue, and reduce the potential for phototoxic effects resulting in higher safe optical exposure limits [19, 30] . To test this, the spectral response of N-UNCD is measured and analysed with reference to the known band structure. The effect of the surface chemistry on the electrochemical capacitance and charge transfer mechanisms was also examined. Finally, the capability of this technique to achieve threshold charge injection for the stimulation of neurons is evaluated, taking into account various parameters such as cell type, laser pulse parameters, and the size of the stimulating electrodes.
The N-UNCD thin-film samples used in this study were grown in an Iplas microwave plasma-assisted CVD system on polycrystalline diamond (PCD) and nanodiamond-seeded silicon substrates. Films were grown to a thickness of approximately 30 μm. Details of the N-UNCD seeding and deposition processes have been reported elsewhere [23] . Samples underwent further processing to terminate the surface in various ways. Oxygen plasma was applied for 16 hours at a power of 50 W and a pressure of 0.6 mbar to achieve oxygen surface termination. For hydrogen surface termination, samples were treated in a hydrogen plasma for 3 minutes at a substrate temperature of 800°C, 1200 W power and a pressure of 100 mbar. The surface topology and conductivity of the N-UNCD films were assessed by conductive atomic force microscopy (C-AFM), using an Asylum Research MFP-3D system under contact mode (Asylum Research 'Econo-SCM-PIC', resonance frequency 13 kHz, force constant 0.2 N/m).
The photoresponse of the N-UNCD electrodes was investigated through photoelectrochemical measurements undertaken in a three-electrode cell connected to a potentiostat (Gamry). For high temporal resolution photocurrent measurements, an oscilloscope (LeCroy) was used in conjunction with a pre-amplifier (DLPCA-200, FEMTO), while for spectral measurements a lock-in amplifier (Stanford Research Systems) was utilised to record the average photocurrent amplitude. The electrochemical cell consisted of a custommade chamber containing 0.15 M NaCl solution, with a Pt disk counter electrode and Ag/AgCl reference electrode (eDAQ). The working electrode was the N-UNCD sample, placed underneath an opening in the bottom of the electrochemical chamber and sealed with a 3 mm diameter O-ring (see Fig. 1(a) ). A bias voltage of approximately 15 mV was applied between the working and counter electrodes to achieve zero current (open circuit condition) prior to illumination. The light source used for photoelectrochemical measurements was a 1.6 Watt 808 nm near infrared (NIR) laser diode (Wuhan Lilly Electronics), which was directed through a compound lens to a 50/50 non-polarising beamsplitter, and then onto the sample ( Fig. 1(b) ). The second beam transmitted through the beamsplitter was directed to an optical power meter (Coherent FieldMaxII-TOP). The lenses were mounted on an adjustable stage to allow alteration of the optical path length and thus the laser spot size incident on the sample. The laser spot size was directly measured using a calibrated microscope camera mounted above the sample. The sample was also illuminated using this setup for a range of other wavelengths by means of mounted LEDs (Thorlabs, RS Electronics).
N-UNCD is a mixed phase diamond-based material with high grain boundary content. As displayed in C-AFM topographic map ( Fig. 1(c) ), the as-grown N-UNCD film surface is composed of clusters of nanodiamond grains separated by grain boundary regions. The conductivity map of the same surface region ( Fig. 1(d) ) shows that these grain boundary regions are highly conductive, consistent with a high graphitic sp 2 phase content [31] . The C-AFM measurement on an oxygen terminated N-UNCD film ( Fig. 1(e) , 1(f)) indicates that plasma treatment eliminates the conductive channels, suggesting preferential etching of the graphitic phase at the grain boundary [28] .
The chemical termination of the diamond surface leads to a dramatic different in the film's electrochemical properties. This is evident in cyclic voltammetry measurements, whereby a triangular voltage ramp is externally applied to the sample and the current response is measured. As shown in Fig. 2 (a), as-grown and hydrogen terminated N-UNCD samples exhibit similar electrochemical behaviour, with both voltammograms having limited hysteresis suggesting low electrochemical capacitance. The voltage limits at which solvent breakdown begins to occur (water window) are also similar for as-grown and hydrogen terminated samples. The small peak around -0.1 V for the as-grown sample is attributed to the reactivity of a surface rich in carbon species [32] . In contrast, the voltammogram for the oxygen terminated sample exhibits a much greater hysteresis compared to the previous two samples, indicating a larger electrochemical capacitance. This capacitance was found to be 1170 ± 240 μF cm -2 in agreement with previous work [23] . This is a very high value for diamond, and is comparable to other commonly used electrode materials such as titanium nitride [23, 33] . The reason for the increased capacitance of oxygen terminated N-UNCD has previously been suggested to be a combination of factors, including the increased surface area, etching of the conductive grain boundary regions, and the positive electron affinity of the oxygen terminated surface [23] . The different electrochemical properties of hydrogen and oxygen terminated N-UNCD also affect the photocurrent response in solution. As shown in Fig. 2(b) , the photocurrent plot of the hydrogen terminated sample displays a continuous current flow in response to illumination. The as-grown sample exhibits a similar response. This behaviour is consistent with a Faradaic charge transfer mechanism, where electrons are directly injected into the electrolyte [29, 34] . This could be due to the negative electron affinity of the hydrogen terminated surface, making it energetically favourable for photogenerated electrons to pass through the N-UNCD-electrolyte interface into solution, in line with previous works [28, 35, 36] . The Faradaic mechanism of charge transfer is not ideal for neural stimulation applications, due to the formation of reactive oxygen species (ROS) which may lead to tissue damage and electrode degradation [28, 29] . On the other hand, the surface of oxygen terminated N-UNCD possesses a positive electron affinity, with the photocurrent plot displaying a capacitive charging and discharging in response to light (Fig 2(c) ) [28] . Unlike Faradaic charge transfer, this capacitive mechanism does not directly inject charge into the electrolyte but instead indirectly causes a redistribution of ions within solution, and thus produces a redistribution of charge [34] . This mechanism does not lead to the production of ROS, and is more favourable for neural stimulation [34] . It was determined that the photocurrent peaks for oxygen terminated N-UNCD have an average rise time of 10.3 ± 1.8 ms (Fig. 2(d) ). The large difference in the photocurrent fall times shown in Fig. 2 (c) and 2(d) could be explained by the built-in impedance of the potentiostat circuit employed in the first measurement compared to the oscilloscope circuit used in the second. Moreover, it was observed that the photoresponse of oxygen terminated N-UNCD is opposite in polarity to hydrogen terminated N-UNCD. Oxygen termination also produces a larger photocurrent by approximately one order of magnitude, which has previously been attributed to the formation of dense oxygen terminated diamond nanocrystals at the surface [28] . This magnitude of the photocurrent is also comparable to other photoactive materials previously studied for neural stimulation [1, 10] .
Another important feature of the photoresponse is the wavelength of the incident light, in this case in the NIR range (808 nm). To further investigate the dependence on wavelength, the transient photoresponse of oxygen terminated N-UNCD was measured over a range of wavelengths from 375 nm to 810 nm. The photoresponse was defined as a normalised quantity corresponding to the peak photocurrent per incident photon rate. As shown in Fig.  3(a) , the photoresponse of N-UNCD sharply decreases above 400 nm, in agreement with previous work [27] . There is also a small peak in the photoresponse around 730 nm. This behaviour has been previously observed as persistent photocurrents after UV illumination of CVD-grown diamond thin films [37] , and has been attributed to a deep-level defect associated with nitrogen clusters [38] . For N-UNCD, we propose that the same defect is accessible without the need for UV activation due to the enhanced tunnelling between nanometre sized diamond grains and graphitic matrix. While this peak suggests that incident light at a wavelength of 730 nm produces the optimum photoresponse in the NIR range, 808 nm light still possesses a greater optical penetration depth and lower potential for photothermal damage [39] . Therefore, 808 nm light was investigated further to determine whether threshold charge injection for neural stimulation could be produced in N-UNCD within the safe NIR exposure limits. There are several mechanisms through which a sub-bandgap photoresponse could occur. In the NIR range of wavelengths, the most likely mechanisms include mid-gap absorption due to defects and two-photon absorption [40] . This latter process occurs when two photons are simultaneously absorbed, leading to an energy transition corresponding to the sum of their energies [41] . Typically, two-photon absorption only becomes the dominant absorption process at high optical intensities, and can be identified by a quadratic relationship between the optical absorption and incident photon rate [41] .
The relationship between the photoresponse and light intensity was determined at an incident wavelength of 808 nm, as shown in Fig. 3(b) . The gradient of this logarithmic plot (0.84 ± 0.02) indicates that the curve is approximately linear and not the quadratic relationship expected from two-photon absorption, suggesting that this is not the dominant mechanism of sub-bandgap photoexcitation. Instead, the observed sub-bandgap photoresponse is likely due to recombination at mid-gap defect states [42] . In particular, the photoresponse has been suggested to be due to mid-bandgap π and π* states associated with the graphitic grain boundary regions of N-UNCD [28, 43] . As noted by Ahnood et al., the π→π* transition of approximately 2.1-2.5 eV is consistent with their observed photoresponse at 450 nm [28] . However, the disordered nature of the graphitic content results in broadening of the defect states allowing photo-excitation at much longer wavelengths [43] . Moreover, this disorder introduces conduction band tail states which may contribute to the sub-bandgap photoresponsivity [26] . This is supported by previous works showing optical absorption in the NIR range for CVD nanodiamond films [44, 45] .
After the photoelectrochemical characterisation of the N-UNCD film, the feasibility of using this technique for neural stimulation was assessed. One factor which is critical in this assessment is the light intensity, which must be within the safe optical exposure limit for in vivo stimulation. High optical intensities of NIR light bear the risk of photothermal damage to the biological tissue [46] . For the range of pulse frequencies useful for neural stimulation, assuming a laser spot size less than 25 μm in diameter, the safe optical exposure limit for the retina is 6.93 × 10 -4 C T t -0. 25 Watts, where C T is a constant equal to 10 0.002(λ-700)
, t is the pulse duration in seconds, and λ is the wavelength in nanometres [47] . This evaluates to 1.14 × 10 -3 t -0. 25 Watts for incident 808 nm light, which corresponds to a local temperature rise at least ten times lower than the threshold for photothermal damage [47] . In the case of light incident on brain tissue rather than the retina, there are currently no widely accepted safe exposure standards [48] . However, it has been suggested that substantially higher intensities may be safely utilised at low pulse frequencies [4] . Nevertheless, for this analysis the above optical exposure limit has been chosen as a conservative estimate.
Within this safe-optical exposure limit, the charge injection density per pulse may be optimised through the choice of laser parameters, such as the optical intensity and pulse duration. Reducing the optical pulse duration may cut off the photocurrent pulse, and thus decrease the quantity of injected charge as shown in Fig. 3(c) . To find the optimum laser parameters for in vivo neural stimulation, the injected charge per pulse at the safe optical exposure limit was modelled based on the relationship depicted Fig. 3(b) for a range of pulse durations, weighted by the function extracted from the data shown in Fig. 3(d) . It was found that the maximum charge injection density of 48 μC cm -2 was attainable with an optical pulse duration of 130 ms within the safe optical exposure limit. It was also determined that this amount of charge injection was not significantly affected by the temperature or oxygen concentration in solution (for details, see ref.
[49]).
To determine whether this amount of injected charge is sufficient for cellular stimulation, it is necessary to consider a variety of parameters, including the type of cell, and the size and proximity of the stimulation electrode. It has been previously found that the threshold charge injection density for extracellular stimulation of retinal cells is 0.023 mC cm -2 [50] , while deep brain stimulation requires just 0.0023-0.0067 mC cm -2 [51] . The threshold for intracellular stimulation is even lower, requiring a charge injection density of 0.001 mC cm -2 [52] . For the stimulation method presented in this study, the charge injection density may be found by dividing the injected charge per pulse by the surface area of the N-UNCD electrode. Assuming that the photoresponse depends only on the incident photon rate and is independent of the electrode size, a circular N-UNCD electrode with the same dimensions as the laser spot (25 μm in diameter) would generate sufficient charge injection density for the extracellular stimulation of brain neurons in response to optical pulse durations of 5 ms. This assessment does not take into account the effect of local thermal gradients, which have been shown to contribute to membrane depolarisation of neurons in response to infrared light [4] .
In summary, the performance of N-UNCD as an optically-driven electrode for neural stimulation applications was investigated over a range of wavelengths. It was determined that N-UNCD exhibits a sub-bandgap photoresponse which diminishes with increasing wavelength, an effect attributed to recombination at mid-gap defect states associated with the graphitic grain boundary regions. It was also found that oxygen surface termination enhances the photoresponse by promoting a capacitive charge transfer mechanism. The photosensitivity of N-UNCD in the NIR range will enable greater optical penetration in biological tissue than shorter wavelengths. This provides a further benefit in addition to its high bioinertness and durability, in comparison to photoactive materials such as photoconductive silicon, conductive polymers and quantum dots [20] . Finally, it was predicted that in vivo stimulation of brain tissue is feasible using oxygen terminated N-UNCD electrodes driven by 5 ms 808 nm light pulses within the safe optical exposure limit. These findings further advance N-UNCD as a well-suited material candidate for opticallydriven stimulation electrodes.
